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SUMMARY

Thisreportpresentstheresultsobtainedto dateofan investiga-
tionto establish’thefundammtalcausesof abnormalgraingrowthin
S-816alloyunderconditionsencounteredduringtheforgingofblades
forthegasturbineof jetengines.Thedatareportedareconfinedto
theexperimentsconductedto learnhowtoproduceabnormallylarge~ains
inbarstockundercontrolledconditions.Thesearebeingreported
becausetheymaybe usefulto thoseconcernedwiththeproblem.

Abnomalgraingrowthwasinducedby temperaturecyclingalone.
Water-quenchingofthebarstockfrom2150°or2300°F renderedthe
samplessusceptibleto abnormalgraingrowthuponreheatingto 2300°F.
Air-coolingwessufficientto inducegain growthduringsubsequent
solutiontreatmentforsomeof thepriortreatmentsof.thestock.Cer-
tainofthepriorstructuesweresusceptibleto graingrowthby tem-
peraturecyclingonlyto 2150°F.

Studiesof criticaldeformationforabnormalgraingrowthon sub-
sequentsolutiontreatmentindi-catedthatthecriticaldeformationby
rollingliesbetweenO and2 percent.The”criticaldeformationwas
independentofthetemperatureatwhichthedeformationwascarriedout.
Repeatedcriticaldeformationsbetweenreheatsto 2150°F resultedin
muchlargergrainsaftersolution-treatingat 2300°F thana single
criticaldeformation.

TO varyingextentstheconditionsforabnormalgraingrowthare
sensitiveto thepriorhistoryofthematerial.Several’otherpossible
variableshavenotbeeninvestigated.Forthisreasonthegenerality
oftheresultsremainstobe established.Thisfactor,however,will
probablybe ofno-greatpracticalsignificanceforsolutiontreatment
at 2300°F whileitwillbe importantto theoccasionalcasesof abnormal
graingrowthwhentemperaturesarerestrictedto 2150°F. Apparently
avoidingabnormalgrain~owthwillrequiredeformationsinexcessof
2 percentandrelativelyslowcoolingfromtheforgingtemperature.
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INTRODUCTION 1
.

Theoccurrenceof abnormallylargegrainsinbladesforgasturbines,
particularlywhense~gated to certainportionsof steelblades,is I

associatedwithundesirableservicecharacteristics.Becausethisisa
geueralrecurringmet~lurgicalproblemin jetengines,an investigation
ofthefundamentalsofabnormalgain growthinbladealloysforjet
engineswasrequestedby theNationalAdvisoryCommitteeforAeronautics.

Thisreportcoversprowessto dateandisconfinedto theresults
ofexperimentsto induceabnormalgain growthundercontrolledcondi-
tions,a necessarypreliminarystepto studyingthefundamentalcauses.
OnlyS-816alloyhasbeenincludedto date.A reportisbeingissued
becausetheresultsmay,beofuseto thoseconcernedwiththeproblem.

Ingeneral,theconditionsusedfortheexperimentsareintended
to approximatethoseusedinforgingS-816blades.Thishasbeen
accomplishedbyusingheatingtemperaturesof2150°F. Solutiontem-
peraturesofboth2150°and2300°F, theformerbecauseitrepresents .
currentpracticeto reducegain growthproblemsandthelatterbecause .
itwouldbe desirableif graingrowthcouldbe avoided,havebeenused.
Ofnecessitytheexperimentshavebeenrestrictedtobarstockunder
controlledlaboratoryconditions.“ ●

Theinvestigationisbeingconductedaspartof a generalmetal-
lurgicalinvestigationofheat-resistantalloysattheEngineering I
ResearchInstituteoftheUniversityofMichiganunderthesponsorship ,$
andwiththefinancialassistanceoftheNationalAdvisoryCommittee ,’
forAeronautics.

IwImUAL

Thematerialusedforthisinvestigationwashot-rolledandcenter-
lessground3/4-inch-diameterS-816alloybarstockfromheat61858
suppliedby theAlleghenyLudlumSteelCorporation.

Thecompositionwasreportedtobe asfollows:

c Mn Si P—— — s Cr Ni Co Mo w Fe Cb— — — —— —— —

0.38 1.28 0;23 O.OU 0.019 19.51 19.91 II& 3.82 4.15 3.65 3.84

Theas-receiwdbarstockexhibiteda grainsizeof 4 to8 ontwo
sidesarounda coreoffinerthan8 (seefig.1). Thismaterialwas

“
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NACATN 2678 3

subjecttounevengraingrowthwhensolution-treatedateither2150°
or2300°F. Solutiontreatmentat2150°F producedan interiorregion
of grainsize2 to 4 betweena coreandrimof grainsize4 to 6.
Solutiontreatmentat 2300°F developeda similarpatternof coreand
rimof grainsize4 to 6, buttheintermediateregionshoweda 1 to
3 grainsize(seefig.2).

Becausetheunevengraingrowthcharacteristicsoftheas-received
stockandtheunevengrainsizeofthematerialaftersolutiontreatment
confusedthestudyofthefactorscausingabnomalgraingrowth,itwas
considerednecessaryto treatthestocksothata uniform-grain-size
materialcouldbe preparedforexpertintalpurposes.Theprocedure
usedwastorollstockto a reductioninmea of15percentat 1000°F
andthensoluti’on-treatfor1 hourat2300°F andwater-quench.This
produceda $rainsizeof 4 to 7 (seefig.3) uniformlyacrossthebar.
Varyingthetimeof solutiontreatmentfrom1/2hourto 4 hoursdid
notchangethegrainsize.Furthermore,there
of llequalizingtreatments’whichwouldproduce
Thereductionof15percentat 1000°F wasthe
becauseitworkedwasusedfortheexperiments.

areprobablya number
a uniformgrainsize.
firstonetriedand
beingreported.

EXPERIMENTALPROCEDUREI’

Duringforgingof gas-turbineblades,thematerialis subjectto
temperaturecyclingfromtheforgingtemperature,to varyingreductions
overa rangeof temperaturesbelowtheinitialheatingtemperature,and“
torepeatedreductionswithreheatingto theinitialforgingtemperature
betweenreductions.Duringthecourseoftheinvestigationitbecame
evidentthatallthreeprobablyaffected‘grain~owth tendencies.Each
hasbeeninvestigatedseparatelyto a limitedextent.b additio,n,it
wasconsideredthattheinitialgraingrowthcharacteristicsprobably
wereinfluencedby pasthistory.E@erimntshavebeencarriedout
onmaterialbelievedfreefromunevengraingrowthcharacteristicsand
on samplesofknownpriorunevengain growthcharacteristics.

A typicalheatingtemperatureforforgingS-816alloy,2150°F,
wasusedfortheexperiments.Mostofthesamples,werereheatedto
2300°F forthegraingrowthstudiesbecausethistemperaturewould
impartdesirablestrengthpropertiesathightemperaturesitabnormal
graingrowthcouldbe avoided.Specimenswerealsosolution-treated
at 21500F, thepresentcommercialsolution-treatingtemperature,
becauseitisunderstoodthatbladesarenotentirelyfreefromabnormal
graingrowthatthistemperature.

Theexperimentaldetailsaredescribedinthefollowingsections.

——. ---- ---- -..__ ... -- —. -- — —..— .- —--— -, — —-. - — .--— .—— —-- .——. -+—-. -—.—. .— -



4 NACATN 2678

TemperatureCycling
,

,.

.
Thestudyoftheeffectsoftemperaturecyclingwasundertaken

becauseanomalowresultswereencounteredinearlycritical-deformation
studies.Itdevelopedthatstockgiventheequalizingtreatmentwould
growabnormallylargegrainsaftersimplyreheatingto 2300°F. This
phenomenonwasthenfurtherinvestigatedby varyingthecoolingrate.
As-rolledstockwasreduced15percentat 1000°F andthenheatedto
2300°F for1 hour. Varyingcoolingrateswereobtainedby air-cooling,
oil-quenching,andWater-quencldng.Thesampleswereagainreheated
to 2300°F. Thewater-quenchedspecimendevelopedgrainsas large
as (-2) atthesurfacewhereastheoil-quenchedandair--cooledsamples
remaineduniformly4 to 7 in ~ain size.

Abnormalgrainsizeshavebeenconsideredtobe allthoselarger
thanA.S.T.M.number1. Largergain sizeshave&en designatedO,
(-1),(-2), and(-3), andsoforthto si@fY ~creas@31Y~ger grai~
usingtheprogressioninsizesasestablishedby theAJ3.T.M.rating (
procedure.

Ikcausethesetestsindicatedthatcoolingratewasa factorin “ <
graingrowth,thefollowingadditionaltestswereconducted.Fourdif-
ferentinitialconditionsofbarstockwereheatedto Z150°F andcooled
in stillairorwater-quenchedthreetin=. Theftialsteptivolved .

heatingto 2300°F for1 hourandwater-quench=.Sampleswereexamined
forgrainsizebetweeneachofthereheatingto 21500F andafterthe
finalsolutiontreatmentat 2300°F.

Theinitialconditionsofthebarstockusedwere:

(a)A uniformgraingrowthtendencyobtainedby rollingto a reduc-
tionof15percentat1000°F

(b)Uniform4 to 7 grainsizeobtainedby theequalizingtreatment
-ofrollingto a reductionof15percentat 1000°F andsolution-treating
at 2300°F for1 hourfollowedby water-quenching ,.

(c)A mixedgrainsizewithunevengraingrowthtendenciesby using ,
theas-receivedstockwithoutanypriortreatment

(d)A mixedgrainsizeobtainedby solution-treatingtheas-received
stockat 2300°F for1 hourandwater-quenching

AmountandTemperatureofDeformation .

—...—

Taperedbarshavingthe&nensionsshownby figurek(a)werepre-
paredfromequalizedstock- thatis,stockreduced15percentat 1000°F, .

——-..—



3NACATN 2678

heatedfor1 hourat 2300°F, andwater-quenched.Separatebarswere
rolled,isothermallyat 1000°,lkOOO,18000,2000°,2i00°, 2150°,2200°,
and2250°F to a straightbar. Theresultingrangeinreductions
fromO to about12percent.Afterrollingthebarswerereheated
2300°F for1 hourandwater-quenched.

Inaddition,anothersetofbarsrolledat lb”, 18000,and
wassolution-treatedfor1 hourat2150°F andwater-quenched.

Allbarswereexaminedto establishtherelationshipbetween
of deformation,temperatureof deformation,andtheresultant“grainsize.

was
to

2200°F

amount

RepeatedDeformations
,,

A barhavingthedimensionsshdwnby figureh(b)was.preparedfrom
materialreduced15percentat 1000°F andreheatedto 2150°F for
1 hourandair-cooled.Thispriortreatmentavoidedanytendencyfor
unevenorabnormalgraingrowthonreheatingto 2300°F inthetemperature-
cyclingwork.

.
Thetaperedbarwasrolledstraightat 1~0° F, reheatedto 2150°F,

andair-cooled.Itwasagaintapered,rerolledat lkOOOF, andagain* reheatedto 2150°F. Thesamestepwasrepeatedonceagain.Theresult
wasthateachsectionofthebarwasdeformedthesameamountthreetimes
withreheatsto 2150°F betweeneachdeformation.Thedeformationsranged
fromO to 3 percent.Thisrangeofdeformationwasselectedbecausethe
resultsfromthepreviousworkindicatedthatthecriticaldeformation
wasbetweenO and’2percent.

,,

.

Thebarwasfinallysolution-treatedat 2300°F for1 hourand
water-quenched.Thegrainsizealongthelengthofthebarwasthen
established.’

..
Inallcasesthespecimenswereagedat lh” F for16hoursto aid

definition,ofgrainboundaries.Allrollingwascarriedoutwithflat
rolls.Reductionsofthetaperedbarsweremadeinonepass. During
theequalizingoperationthebarswererolledonbothfacesintwo.passes
to givenearlysquarebars.

In everycasethebars
rolling,thebarswereheld
turedropduringrollingis

wereplacedinfurnacesattemperature.In
attemperaturesfor1/2hour. Thetempera-
known

Ineverycasethereductions
reductionincross-sectionalarea

~o.belessthan’25°F.

duringrollingareexpressedaspercent
fromtheoriginalcross-sectionarea.

.

.-. .— ..- . _ .. . . --- . .- - .. . _ _ ..__ .-. ____ .
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RESULTS.

.

Theexperimentsindicatedthatabnormalgraingowth duringsolution-
treatingofS-816alloyat 2300°F canbe inducedby priortemperature
cyclingaloneandby criticaldeformationsbetweenO-and2-percentreduc-
tion.Abnormalgraingrowthwastiducedby simplycyclingthebarsat
2150°F withcertainofthepriortreatments.Repeatedcriticaldeforma-
tionsbetweenreheatsto 2150°F greatlyincreasedthegrainsize.
Apparentlythetemperatureof criticaldeformationhaslittleeffect.
Thedetailedresultsaredescribedinthefollowingsections.

TemperatureCycling

Thegain sizesobservedafterthevariousthermaltreatmentsare
summarizedby figure5. Macrographsshowingthegrainsizedistribution
indicatedinfigure5 areshowninfigure6. Figures7,8, 9, and10
showtypicalmicrostructureafterthreereheatingto 2150°F andafter
thefinalsolutiontreatmentsat 2300°F. Thefollowingcomnentsapply
totheresults: .

(1)Theonlymaterialwhichdidnotundergoabnomalgraingrowth
onfinalsolutiontreatmentat 2300°F wasthatinitiallyreduced .

15percentat1000°F andthenair-cooledfromthethreebeatingsto
2150°F (seefigs.6 and7).

(2)Thematerialreduced15percentat 1000°F andthenheatedto
2150°F andwater-quenchedunderwentgraingrowthonthesurfaceafter
thefirstcycleat 2150°F. Thesurfacegrainsizeincreasedwitheach
cycleandrangedfrom(-1)to 3 in sizeafterthefinaltreatmentat
2300°F (seefigs.6 and7).

(3)Thematerialinwhicha uniformgrainsizeof 4 to 7 was
inducedbytheequalizingtreatmentof 15-percentreductionat 1000°F
followedby 1 hourat 2300°F andwater-quenchingdidnotundergograin
growthat21500F whenair-cooledbetweenthethreeheatsat2150°F
butdidwhenwater-quenched.Boththeair-cooledandthewater-quenched
samplesunderwentabnormalgraingrowthduringthefinal2300°F treat-
ment(seefigs.6 and8).

(4)Theas-receivedbarstockdidnotdevelopabnormallylarge
grainswhenair-cooledbetweencyclesto 2150°F. Thestockwater-
quenchedbetweencyclesdevelopeda surfacelayerof grainsranging
fromlargerthan(-1)to 2 insizeduringthethirdcycle.

“
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.

,,

Finallyheat-treatingthebarsat 2300°F aftercyclingat 2150°F
inducedabnormallylargegrains,particularlyinthesampleswhichhad
beenwater-quenchedfrom2150°F (seefigs.6 and9).

(5)Thenonuniform-grain-sizedmaterialproducedby solution-treating
theas-receivedstockat 2300°F underwentgraingrowthinthefine-grained
surfacelayeraftereitherair-coolingorwater-quenchingfrom2150°F.
Bothmaterialsdevelopedabnormallylargegrainsduring
treatment,exceptfora smallsectionofthebaratthe
figs.6 and10).

.

AmountandTemperatureofDeformation

thef= 23000F
center,(see

ThegrainsizesofthebarsisothermallyreducedfromO to 12per-
centat 1000°to 2250°F by rollingandsubsequentlysolution-treated
at 2300°or 2150° F aresummarizedintable1. Theseresultsindicate
that:

(1)Thecriticalreductionfor
to about2 percent

(2)Thecriticalreductionwas
ofreductionupto 2250°F

abnormalgraingrowthwasfromO

nearlyindependentoftemperature

(3) Thegrain Size inthe criticallyreducedsectionwaslarger
thanA.S.T.M.number1 whensolution-treatedat 2300°F and3 to 5 when
treatedat 2150°F

Theleadingsectionsofthetaperedbarswhibhhadnotbeenreduced
duringtherollingofthetaperedbarsshowedabnormallylargegrainson
thesurface.Therearetwopossiblesourcesof inducedgraingrowthat
thispoint.Onewasthefinalquenchfrom2300°F oftheequalizing
treatmentusedtopreparethestock,assuggestedby thetemperature-
cyclingdata.Theotherwasthecold-workingofthesurfaceduring
themachiningofthetaperedbar. Ineithercasethiseffectisnot ‘
believedtohaveinfluencedthecritical-reductionresultsbecausethe
graingrowthwasuniformthroughthecrosssectionofthebarinthe

Ii criticallyreducedsections.

RepeatedCriticalDeformations

Thebarwhichwastaper-rolledthreetimestoreductionsfromO
. to 3 percentwithreheatsto 2150°F betweenreductions.andfinally

solution-treatedat 2300°F exhibited
Ty_picalphotomicrographsareshownby

. derivedfromthisexperimentwasthat

thegrainsize8shownby figure”ll.
figure12. Themainconclusion
repeatedcriticalreductions

.- .. .. - — ... .— .-— .. —- .- — —- .. ..--—-.. -—— -=-——-— -— — ----- . - —-
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apparentlyresultinmuchlargergrainsizesthana singlecritical {
reduction.Whereasintheprevioussectionthelargestgrainsdeveloped .,
aftera singlecriticalreductionweresomewhatlargerthan1 in size,
theserepeateddeformationsdevelopedgrainsaslargeas (-3)at 1’
0.75-percentreduction.

Theconclusionthatrepeatedcriticaldeformationsleadtomuch
largergains mustbefurtherverifiedbecausethepriortreatmentused
forthestockdifferedfromthatusedforthestudyoftheeffectof
de~ee andtemperatureofreductionintheprevioussection.Thepro-
cedureusedwastheonlyoneinthetemperature-cyclingstudieswhich
didnotleadto abnormalgraingrowth- thatis,15-percentreduction
at1000°F followedby air-coolingfrom2150°F. Inthiscase,the
portionofthebarwhichdidnotreceiveanyreductionremainedfine-
grainedas itdidinthetemperature-cyclingstudies.Thedifference
inpriorhistory,however,couldhavechangedthe~ain sizeinduced
by a singlecriticalreductionfrom’thatobtainedintheexperiments
describedintheprevioussection. .

The

(1)
alone

(2)

mostimportant

Abnormalgrain

DISCUSSION

resultsobtainedwere:

growthcanbe inducedbytemperaturecycling

Criticaldeformationforgraingrowthapparentlyis independent
ofthetemperatureof deformation

I

(3\Repeatedcriticaldeformationsbetweenreheatsto 21500F pro-
ducemuchlargergrainsthana singlecriticaldeformation

.
(4)Graingrowthcharacteristics,as judgedby thetemperature-

cyclingresults,a,equitesensitivetopriorhistory

(5)Abnormalgraingrowthcanbe inducedby temperaturecycling
aloneto temperaturesof2150°F withcertainpriorhistories- a final , ,
treatmentat 2300°F isnotnecessaryto developgrainslargerthan1 ,,

Theseresultsby nomeanscoverallthepossibleconditionsinducing
abnormalgraingrowthinS-816alloy.Thediscoveryofthetemperature-
cyclingeffect,however,clearedup a numberofanomalouseffects
initiallyencountered.Thusitnowseemsfeasibletoproceedwith
furtherinvestigationto clearupprior-historyeffectsandstudythe

●

fundamentalsofthemechanismof graingrowth.
.’

.—— . . —-. -—. .- .-— — .—
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.

Froma practicalviewpointitappearsthatabnormalgraingrowth
at 2300°F canbe avoidedonlyby keepingdeformationsinexcessof ‘
about2-percentreduction.In sodoing,however,coolingrates’from
forgingshouldbe keptat leastas slowas air-coolingofthebarstock
usedinthis“investigation,otherwiserapidcoolingwill,in itse~j
inducegrain~owth uponreheatingto 2300°F.

Thecauseofthedevelopmentof susceptibilityto graingrowthby
“temperaturecyclingfrom2150°F aloneremainstobe definitelyestablished.
It ispresumeddueto criticalstraininducedby rapidcooling,to altera-
tionofthegraingrowthrestrainers,orto straingradienteffects.
Orientationeffectsmayalsobe a factor.Thepossibilityalsoexists
thattherateof strainmayhavean importanteffectonthecritical
deformation.

.

.

.

.

It seemsveryevidentfromtheinvestigationthatpriorhistoryhas
an importantinfluenceon grain’~owthtendencieswhenthematerialis
exposedtotheconditionsinducinggraingrowth.Becausethisfactorhas
beenstudiedonlybrieflythegeneralityoftheresultsreportedisopen
to question.Itisbelieved,however,thatthepracticalconditionsare
quitewell-defined.Priorhistorywillinfluencetheexactcoolingrate
or therangeofcriticalreductionsfora givengrainsizeuponsolution
treatmentat 2300°F butwillnotchangethenecessityforhavingmore
than2-percentreductionandforslowcoolingafterforging.Prior
history,however,probablywillbe importantto abnormalgraingrowthin
thoseoperationswheretemperatures,includingsolutiontreatment,are
restrictedto 2150°F.

CONCLUSIONS

Theconclusionsderivedfromthisinvestigationoftheconditions
leadingto abnormalgraingrowthinS-816alloyare:

1.Abnormalgraingrowthcanbe inducedbywater-quenchingandin
manycasesby air-coolingbarstockfrom2150°or 2300°F. Suchtem-
peraturecyclingdefinitelymakesthealloysticeptibleto graingrowth
duringfinalsolutiontreatments.

2.Thecriticaldeformationduringrollingforgraingrowthwas
betweenO and2 percentandwasindependentofthetemperatureof
deformation.

3. Repeatedcriticaldeformationsbetweenreheatsto 2150°F
inducedmuchlargergrainsduringsolutiontreatmentthana single
criticaldeformation.

,

— -. _—-
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4.Thepreventionof susceptibilityto abnomalgraingrowthduring
solutiontreatmentapparentlyrequiresthatthematerialbe deformed
morethan2 percentandthatcoolingratesbekeptslow.

P

5.Abnormalgraingrowthcanbe inducedundercertainconditions
whenworkingandsolution-treat~nttemperaturesarerestrictedto 2150°F.

6. Thedevelopmentofsusceptibilityto graingrowthbytemperature
cycling,andby criticaldeformation}issensitivetopriorhistory.It
isexpectedthatthiswillbe importanttothosecaseswhereabnormal
graingrowthisencounteredwhentemperaturesarerestrictedto 2150°F
duringsolutiontreatmntandonlytiportanttothedetailsofgrain
growthwhensolution-treatedat 23000F.

Becausepriorhistorydoesinfluencegraingrowthtendenciesand
becausea nuniberofothervariableshave’receivedlimitedattention,the
conclusionsrequirefurtherinvestigationbeforetheirgeneralityshould
be accepted.-

EngineeringResearchInstitute
UniversityofMichigan

AnnArbor,Mich.,November12,1951

.
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EFFECT OF AKNJWCAD TEMPERATUREOF IIEFOFWTIONPRIOR TO SOLUTIONTREATMET?I

AT 23@0MD 21~0F ON w SI!E OF s-816 BARSTOCK

@k Inithl.lyrolled u psrcerltat lm” F, solution-treated
at 23@ F for 1 hr, and water-quenched]

A.S.T.M. srain size

Solution-treatedat 2300°F Solution-treatedat 21~0 F
Reduction
(pmcent) RolJinstemperature Rollingtemperature

(RF) (’W)

mm 14CX3 18(x) 2CCJ0 2100 2150 22(XI Wo 1400 1803 2200

original 5-8 5-8 5-8 5-8 5-8 5-8 3-8 5-8 5-8 5-8 5-8

0+0+ <1 <1 <1 <1 <1 <1 <1 <1 3-4 4-5’ 4-5

2 <1 <1 <1 <1 <1 1-2 2-3 3-4 4-5 4-8 5-8

4 3-4 3-4 3-4 3-4 3-4 4-5 L5 45 5-8 5-8 6-8

6 5-8 5-8 5-8 5-8 5-8 6-8 6-8 5-8 5-8 6-8 6-8

8 5-8 5-8 5-8 5-8 5-8 6-8 6-!3 5-8 32 6-8 6-8

10 5-8 !3-8 5-8 5-8 5-8 6-8 6-8 5-8 5-8 6-8 6-8

u’ 5-8 5-8 5-8 5-8 5-8 6-8 6-8 5-8 5-8 6-8 6-8
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(a)Approximate;distributionof -in sizes.

(b)Microstructureat junction

Figure1.-Grainsize

—

of

of

cosrse-and

as-received

-=s=
fine-grainedareas.Xm.

S-816barstock.

.

.

_.— — — ——- ..— —
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(a)Approximatedistributionofgrainsizes.

.-. .

,...

}. ‘..-,,”..t””.,- .-,. ,,, . , . ...<
,,. ’..4

,., . ; :-,/: ,-. h>.,
. . - +“..y-.;;q:’..fi”.” “.:-...’:: ‘,.,.-, ,.......-’ .“ ‘,.:; . <,..

..:..7:.,’F.].,.
> ‘,“. y --%x.‘.,,...$. . . . . . -,. ,V,.’. ;.–., ~.-.. ... .. .. . . . ,. . ,,’ *:-. . .. -,,.-.’.,,<,,.:’ P? , . ,,..-:,,.

,,- . . . %’
4.>

“>’’ ”.’ . . !,.. . . ...
,J- +,’”

,. ,, ““ .,~:. . . . . .. .
.,-.

,’
.)

‘>,
,,: ;

L., - . .. ~’.!..%i
,. .../.

.{ .“.. :}:;. ,.. :., . .,. -
,1 $. . ....<..

, ,,, ,,.: ..

3
,. ~ :.’,,

. . . .( /..
,,, .-, .. ”.,.,. . . ‘~.., ‘,,,
.:, ... ......,..- ,<. ”:. ..’. I

./.’ . ,tw., “’*”,2
t? q . ..’. . .,>’ , .m

i
... ,~..;’,:

... .. .. . . . .“-. :’..x~x~ ___

Surface

(b)Microstructureof crosssectionof

Interior

barat surfaceandinterior.X~.

Figure2.-Grab-sizesresultingfromsolution-treatingas-received
S-816stockat 2s00°F for1 hourandwater-quenching.“

—.—— .—
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(a)Uniformdistributionof4 to 7 grainsizeacrossbar.

_—. —

Surface Interior

T
(b)Microstructureof crosssectionofbarat surfaceandtiterior.Xn.

Figure3.-Grainsizeresultingfromrollingas-recei’vedbarstockto
l’j-percentreductionat 1000°F andsolution-heatingfor,lhourat
2300°F.

.

— -.
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(a)Barusedforstudyofeffectofamountandtemperatureofreduction.

deformations.

rollingtheindicated



BAR ROLLED 15

HO 2a OO” F TREATMENT

AT 100fl F I AS- REGEIVEO

S.T. 2300” F, W,Q. NO 2300” F TREAT MEMT

AR STOCK

9.T. z300” F, W.Q.

Bfzl’a 4-8 ❑4-7

@

I-3 4-6UITIAL

‘wATh4EH7

AI R-CKL I WATER-~AIR-COOL ! WATER-0UEK4 AIR-COOL

Iz%i

-7 (!!!7”a-eFIRST

REHEAT T

215&F”

❑ mSEtOt4D

REHEAT T

I2’ll%,lYF

❑4-7THIRD

REHEAT T

2150’F

B-bc!!?f-’
SOLUTION
TREATEO

11’mm
AT 2300’

Fi@m

I

5.- Effect of teumerature CYclinR on tu-ainarowth in S-8161mr
stock. (S.T., s&tion-trjated~ W.Q;, wat;r-quenched.)

, . , .
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Air-cooled Water-quenched

~ (a) Reduced 15percentat’lCQO”F andreheatedto
‘21~”F threettis andcmledas imii@ted.

Air-cooled Water-quenched

(c) Reduced 15 percent at l~” F, solution-
treated 1 hour at 23(N” F and water-quenched,
and then reheated h 2173° F three thnes and
cooled as indicated.

!2

Air-cooled Water-quenched

(b) Reduced 15 percent at lCXXJoF, reheated ta
2150° F three times amd cooled as indicated

6- and finally solution-treated 1 hour at 23m F.

.Ati-ccK)le& Water-quenched

(d) Reduced 15 percent at 1000° F, solution-
treated 1 hour at 2300° F and water-quenched,
reheated to 21~” F three “Ixbnasand cooled as
Indicated. and flnallv re-solutim-treated
at 2300°+.

Figure6.-Macrographs showing grain-size distribution In S-816alloybarstockafterCYCIIC 5
heatingto21~” F. X2.4.
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1

Air-cooled Water+uenched Ah-cooled Water-quenched

(e) AB-received bar atockheatedtbree tfmes to (f) As-received bar stock heated three tl.mesto
2150° F and cooled as indicated. 2150° F and cooled as indicated and finally

Bolution-treatedfor 1 hour at 23~0 F.

,. Air-cooled Water-quenched Air-cooled Water-quenched ~

(g) Aa-receimd ~ stock solution-treatedfor (h) As-received bar stock solution-treatedfor ~
1 hour at 2330 F and water-quenched; 1 hour at 2300°F andwater~uenched, ..
reheated to 2193° F three times and cooled reheated to 2150° F three thes and cooled H

as inticated.
4

as indicated, and finally re-solution- 03

treated at 2300° F.

Figure 6.-Concluded.
,, , .,



,

(a) Heated to 2150° F and ah-cooled
three times.

(b) Heated to 2150° F and water.
quenched three thss.

Effect of temperature cycling to 21~0 F on ~ti size of s-616ber
stockreduced15percenta’t10(X1°F. X~.
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(c) Heated to =m” F and air-cooled
three thee and finally solution-
treated at 230Q0 F.

(d) Heated to 2150°F and water-
quenched three times and
final.lymaolution-treated
at 2300” F.

Figure ~.- Concluded.

.
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(a) Heated to 2150° F and ati-cmled
three t~s.

(b) Heated to 2150° F and water-
quenched three timea.

Figure 8.-13fleetortemperaturecyclingto2150°F on the grain size of
S-816barstockreduced15percentat l~” ~ followedby solution
treatmentat 23CK)0P for1 hour.X~.



(c) Heated to 2150° F and air-cooled
three tilUeB and fins.1~ SOhtion-

tmated at 2300°r.

(d) Heated to 2173° 1?and water-
quenched three tties and
finally solution-treated
at 23X3° F,

Figure 8.-Concluded.
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(a)Heated to 21~0 F and air-cooled (b) Heated to 2150° F and water-
three thin. quenched three times.

-=@%3=

H
a

Figure9.-H’feetof temperaturecyclingto21~0 F on thegrainsizeor the
...- ab-received S-816W stock.Xx.
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(c) Heated to 2150° F and ah-cooled
ttiee tfi~ @Jldftilly BOhtiOD.-

treated at 2300° F.

(d) Heated to 21~0 F and watar-
quenched three t~s and
fInally-solution-treated
at 2300U F.

Figure 9.-Concluded.
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(a)Heated to 2153°’F and air-coded
three times.

(b) Heated to 2132° F and water-
quenched three ttiea.

,..
‘F@ure .lO.- Effect of’temperature cycling to 21.50°F on the .g@n size,Of

as-received s-816baretocksolution-treated1 hourat 23000F and’
. “.water-quen&ed;’X%.
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.



I

. (c) Heated to 2150° F and air-cooled
three time~ and finally aolution-
ti~~a at 2300° F.

~uenched three times and
finallyasolution-treated
at 2300”F.

vFigure10.- Concluded.
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EXi7ERlhENl_AL P~:

L M4CHINE FLAT3 ON 24” DlAh4. BAR STIX.K.
2 R~ 15 PEIKENT AT KK& BY ROLLING.
a SUJJTDU-TREAT I FKJUR AT 21@, A.C.

n

4. MACHINE TAPERED BAR.
5 * AT 1400%, .&C.
8. =W170N-TREAT I I-0.k7 AT 2150%, A.C.
7. REMACHINE TAPERED BAR.

-3

-2
10. REMACHINE TAPERED BAR.

,.

-1 I 1, ROLL AT 1400”F A.C.
12 SOLUTICW-TREA+ I HCUR AT Z!300”~ W.Q.

s
yo

13, ACEO TO OEVELOP GRAIN E?41UNMRIES,

/ /

Figure 11.- Effect of repeated prior critical deformation on grain size
of s-816 bar stock after final aolutlon treatment at 2300° F.
(A.C., air-cool; W.Q., water-quench.)
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(a) Ho reduction. Grain

size: 3 to T.
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(b) 0.25-percent reduction.
size: O to 5.

i

Figure 12.- ~ect of repeated critical reductions on grain size of
S-816barStick.Stockwasreduced15percentat lCOOOF, aolution-

(k’ain

=!$=’

treated 1 hour at 2150° F, and air-cooled. A tapered b~- was
rolled to produce reductions frcunO to 3 percent, reheated to
21~0 F and the proce~6 repeated twice Morej and then finally “
solution-treatedat 2300° 1?. XW.
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(c) 0. 7’3-percent reduction. Grdn
size: (-3)to ,2.

(d) 1. >percent(r;fic. Grain
size: - .
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(e) 2.O-percent r;d~t~n. Grain (f) S.O-percent reduction. Grain
alze: . size: 2 to5.

Figure U?.- Conckiod.
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